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Abstract 
Introduction. The modern development of stamping aircraft manufacturing is inextricably linked with the assessment of 


the limiting capabilities of sheet blanks. However, the issue of defect-free forming of blanks made of aviation aluminum 
alloys is understudied. The importance of this issue is due to the fact that aluminum alloys are often used in the 
manufacture of thin-walled products for aviation purposes. During the implementation of shaping processes, various 
defects may appear, specifically, corrugation or unacceptable thinning. In this regard, the objective of the work was to 
construct a diagram of the limit deformations of the base aviation alloys and to conduct a comparative analysis of the 
limit deformation curves for these materials. 

Materials and Methods. Logarithmic deformations with the property of additivity were used to account for large 
deformations. The construction of the diagram of the limit deformations was carried out in the formulation of the 
deformation theory of plasticity. The issue of constructing a diagram of limit deformations was considered on the basis 
of the positivity criterion of the loading force derivative. In the area of negative values of the smallest major 
deformations, the Hill criterion was used to construct the limit deformation curve, and in the area of positive values of 
the smallest major logarithmic deformations, the Swift criterion was used. When constructing the limit deformation 
diagram, a power approximation of the hardening rule was used. 

Results. The curves of limiting deformations for the following aviation alloys were obtained: AMg6, DI6AT, AMg2M, 
1201-T, AMcM. According to the comparative analysis of the areas of safe forming, the values of deformations of the 
beginning of necking and their influence on the change in the position of the curve of the limiting deformation of blanks 
were compared: the greater the deformation of the neck formation, the higher the position of the curve of the limiting 
deformations. The concept of the Keeler's limit deformation diagram was described. Approaches to the construction of 
the Hill-Swift criteria used on the basis of the results of tensile testing of sheet specimens were presented. 

Discussion and Conclusions. Based on the constructed curves of limiting deformations for aviation alloys, AMg-6, 
DI16AT, AMg2M, 1201-T, AMcM, the following has been found. AMg2M alloy has the largest area of safe forming, 
1201-T alloy has the smallest one. That is explained by the difference in relative deformations of the beginning of neck 
formation. The conducted research made it possible to evaluate the possibilities of defect-free forming of thin-walled 
blanks made of basic aviation aluminum alloys. The use of the constructed diagrams of limiting deformation will 


provide predicting the appearance of breaks in the process of forming sheet blanks. 
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AHHOTalna 
Beedenue. CoppemMeHHoe pa3BHTHe WITAaMMOBOYHOrO aBHaCTPOHTebHOTO TpOW3BOACTBa Hepa3pbIBHO CBA3AaHO C 


OWeHKOH TpeebHbIX BO3MO2KHOCTeH JIMCTOBBIX 3arOTOBOK. OHaKO MaJIOM3yYeHHbIM ABJIAeCTCA BOTIPOC 
OesqedeKTHOrTO (OPMOH3MeHCHHA 3arOTOBOK V3 aBHallMOHHBIX aJIOMMHMeBBIX CIWIaBoB. BaxKHOCTb JaHHoro Borpoca 
CBa3aHa C TCM, 4TO AJIIOMHHVeBbIC CIIaBbl JOCTATOUHO YaCTO HCMOb3YIOTCA MPH W3rOTOBICHHH TOHKOCTeCHHBIX 
v3eIHH aBMalMoHHoro Ha3HayeHua. IIpu peann3ayuu mpoileccos dopmMoobpa30BaHHaA BO3MO2%KHO MOABIIeHHe 
pa3IM4HBIX edekToR — rodpoobpa30BaHuA WIM HeAOMycTHMoro yToHeHHA. B cBA3H C 3THM LWesIbIO paOoTHI ABIAIOCh 
MOCTpoeHve AHarpaMMBbI IIpeAebHBIX JecbopMallMit OCHOBHBIX aBHalMOHHBIX CIJIaBOB HM MIpoBejeHHe CpaBHUTeIbHOTO 
aHaJIM3a KPMBbIX peesbHOro AeopMupoBaHHA JIA TAaHHbIX MaTepHasIoB. 

Mamepuaavi u memoooi. Ina yaeta Oonpurux ZedpopMaluii Opi MCHOM30BaHbI JOrapudMuyeckHe Aedopmann, 
oOnaqaioujve CBOMCTBOM ayyuTuBHOcTH. IlocrpoeHue uarpaMMbI MIpeyebHBIX edopMalHi mopMou3MeHeHHA 
IpOBOJHIOCh B MOCTaHOBKe AecdopMallMOHHON Teopuu WWiacTH4HOcTH. Bonpoc nocTpoeHua WuarpaMMBI UpeesIbHBIX 
TedopMallHit paccMoTpeH Ha OCHOBaHHH KPHTepHA MOMORKUTEMBHOCTH MpOu3BOAHON cHIbI HarpyxeHus. B oOnacTu 
OTPHUaTesIbHBIX 3HAYCHHii HaMMCHbIMX YaBHBIX epopMalyvi Wit MOCTpoeHHaA KPHBOM MpeyembHOrO 
eopMupoBaHHA MCHONb30BaJICA KPUTepHu Xia, a B 30H MOMOKMTCIbHBIX 3HAaYeCHMM TIaBHbIX HaMMeCHbILIHX 
jlorapupMuyeckHx JedopMauHu — xkputepuit Caudta. [pu noctpoenuu AMarpaMMbl UpeyesbHoro ZedopMupoBaHHna 
HCHOb3OBAIACh CTEMCHHAA ANMpPOKCHMallHA 3aKOHA YIPOUHeHHA. 

Pezyismamoi ucciedoeanua. Wonyuenbl KpuBble MpeAebHEIX WedopMalui AIA aBHalMOHHBIX criaBos: AMr-6, 
JI6AT, AMr2M, 1201-T, AMuM. CormacHo mpoBeqeHHoMy cpaBHUTeIbHOMy aHau3y oOsacTel Oe3zonacHoro 
(OpMOv3MeHeHHA, COMOCTAaBJICHbI 3HaYeHHA WecsopMallui Havana WelikooOpa3z0BaHHA HM UX BIIMAHHe Ha H3MeHeHHe 
MOJOXKCHHA KPHBOM UpezesbHOro WesopMupoBaHHA 3arOTOBOK: 4eM OosbUIe DedopMaluA wWieitKooOpa3s0BaHHA, TEM 
BBIIMe MOOKeCHHE KPHBOM MpeAebHEIX AetopMauMi. OnucaHa KOHIeMUMA WHarpaMMbl MpesesbHBIX TePpopMalnit 
Kunepa. II[peactapnenbt NoxxXogbI K MocTpoeHulo KpuTepHeB Xuma u Candta, Ucnob3yeMbIX HO pe3yIbTaTaM 
MCIIbITAHHA JIMCTOBBIX OOpa3I{OB Ha pa3pbIB. 

O6cystcdenue u 3akniouenua. Ha ocHOBaHHM NOCTpOeHHBIX KPHBBIX IIPeCIbHBIX TedopMalui Did aBMallMOHHbIXx 
cumapop AMr-6, JII6AT, AMr2M, 1201-T, AMuM spiacHuau, uro HanOobity1o oONacTh Oe30MacHoro 
cbopMou3MeHeHHA UMeeT crap AMr2M, HauMeHbutyro — criaB 1201-T, aro oObaACHAeTCA OTIM4MeEM OTHOCHTECIIBHBIX 
epopMaunwi Havana welikooOpa3sopanua. IIpopeqenHoe MccieqOBaHve MO3BOMJIO OLCHHTb BO3MO%KHOCTH 
Oe3qecdeKTHOrO (POpMOM3MeHeEHHA TOHKOCTCHHBIX 3afOTOBOK M3 OCHOBHBIX aBHall[MOHHBIX aJIIOMMHMeBbIX CIIVIABOB. 
IIpuMeHeHuve MOCTpoeHHBIX MarpaMM [IpeyebHOro etopMupoBaHHA MO3BOJIMT MpOrHo3HpoBaTb MOABIIeHHe 


Pa3pBIBOB B Ipolecce (bopMooOpa30BaHHA JIMCTOBBIX 3AfOTOBOK. 
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Introduction. Modern development of the aviation production is inextricably linked with the study of sheet 
stamping processes. One of the key problems in the task of shaping is the defect prediction, in particular, thinning, 
ruptures, corrugation. These issues are related to the assessment of the limits of the blank. By forming limit of a sheet 
blank, we will mean the ability of the material to deform to the required geometry without necking or destruction. 

To date, the problem of predicting defects of sheet blanks in the stamping process is solved using the following 
methods: 

— empirical, based on mechanical tests for simple stretching of metal samples, thin sheets and tapes, bending tests, 
as well as pipe testing methods for flaring and broaching; 

— theoretical and empirical, which are based on the use and dissemination of the test results of samples for uniaxial 
tension to other schemes of deformation of blanks; 

— theoretical, which are based on the use of criteria for limit deformation, specifically, in the manufacture of thin- 
walled products. The founders of these methods were J. Sachs, R. Hill, A. D. Tomlenov, V. D. Golovlev, G. D. Del, 
Z. Marciniak, A. D. Matveev, J. D. Lubahn [1-20]. 

It should be noted that the disadvantage of empirical and theoretical-empirical methods is the limited use of the 
results. 

The most important step in solving the problem of predicting defects of thin-walled products was the development 
of the concept of the forming limit diagram (FLD) proposed by S. P. Keeler [16—20], which today is generally accepted 
in solving sheet stamping problems. FLD diagrams are widely used in AUTOFORM and PAM-STAMP 2G CAE 
software systems. 

Experimental methods for constructing deformation diagrams are based on the test methodology presented in the 
works of Marciniak and Nakazima. It should also be noted that the issues of plastic destruction of sheet blanks were 
considered in [17—19]. In the last decade, interest in the construction of FLD diagrams has grown significantly. Most 
foreign studies are aimed at experimental construction of diagrams for specific materials, as well as numerical modeling 
of shape-changing processes using finite element methods [20-30]. Theoretical aspects of the construction of DFD 
diagrams and deformation diagrams of the third kind are presented in [31, 32]. 

It is important to note that the diagram of limit deformations provides estimating the beginning of neck formation, 
which ends with the destruction of the sample in the process of deformation. The FLD diagram binds the values of the 
main logarithmic deformations acting in the plane of the sheet. Forming limit diagrams enable not only to predict the 
destruction of the blank, but also to assess the presence of other defects, in particular, wrinkling, thinning, which, in 
turn, reduce the quality of the stamped part. The main zones of the FLD diagram are the zones of destruction, possible 


ruptures, safe forming, probable formation of folds, and wrinkling (Fig. 1) [31]. 
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Fig. 1. Forming limit diagram: 1 — zone of destruction; 2 — zone of possible ruptures; 3 — zone of safe forming; 


4 — zone of probable formation of folds; 5 — zone of wrinkling [31] 


Materials and Methods. When describing the processes of forming thin-walled blanks, the moment of transition to 


the plasticity stage is determined in accordance with the Huber-von Mises criterion [33]: 


6; = 07 + 02 — 0,02 = or, 


where o,, 02 — primary true stresses, at 0; = 0 due to the light gauge of the blank; o; — intensity of true stresses; 


or — yield strength. 
According to the deformation theory of plasticity, the relationship between the intensity of stresses and the intensity 


of logarithmic deformations is defined as: 


osH{or-tos) : 


where e;, €2, — principal deformations. 

Since in sheet stamping tasks, the shaping processes can occur in several transitions, therefore, large deformations 
are considered. The use of relative deformations is unacceptable. In this regard, the deformed state in (1) is presented in 
true logarithmic deformations. 


Intensity of the principal deformations: 


2 
e; = i je? +e? + e1e2. 


The ratio of the principal deformations and the primary true stresses: 


=2 pa 2 
a= 2 B=. (2) 


Based on ratio (1) and (2), the relationship between a@ and P is determined by: 


B = 2at1 (3) 


24a’ 


According to expression (2), the Huber-von Mises criterion has the form: 


= a/1-B+ PR = ap, 


and the intensity of deformations: 
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e = eV tata, (4) 

To assess the onset of necking, the criterion of positivity of the derivative of the loading force is currently used, the 
founders of which were G. Sachs and J. D. Lubahn [17]. According to the described criterion, the deformation of the 
sample is stable with a positive increment of the tensile force. The moment of unstable deformation with subsequent 


stretching starts at AP = 0 and continues at AP < 0 (Fig. 2). 


Fig. 2. Indicator diagram of uniaxial tension of the sample [33] 

The deformation diagram of aluminum alloys obtained by the results of the uniaxial tensile test is approximated by a 
power function in the theoretical analysis of the diagrams of the limit deformations of the shape change [18, 19, 31, 32]: 
ds = Ae" umn o; = Ae”, 
where os = P/F — true stress; P — tensile force; F— current cross-sectional area of the sample; e = In(1+ 

Al/l)), while A and n — coefficients of the power approximation. 

Using the criterion of positivity of the derivative of the loading force and the power approximation of the 
deformation diagram of the third kind, it is possible to obtain a relationship between the limit deformation of the sample 
at the time of the occurrence of the diffuse neck and the power approximation coefficient n under condition 
AP = 0 (Fig. 3) [32]: 

Cn = Cin = 1. (5) 

It is significant that relation (1) is performed using logarithmic deformations. In case of using relative deformations, 


only approximate equality is possible. 


Pmax 


O71 


a) b) c) 
Fig. 3. Occurrence of a diffuse neck under uniaxial tension of a flat sample: 


a — sample; b — stress state; c— deformed state [33] 


Consider the stress state of a plate to which two tensile forces are applied at the edges, i.e., the blank experiences 
biaxial tension (Fig. 4). 
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P, F, G2 
a) b) c) 


Fig. 4. Stress-strain state of the plate under biaxial tension: a — plate; b — stress state; c— deformed state [33] 


Using the criterion of positivity of the derivative of the loading force, we determine the deformation limit value e;,, 
at the moment when forces P, or Pz are maximum. For the case when F,/F, = const, P;/P, = const, at the moment of 
maximum tensile forces dP, = dP, = 0. H. W. Swift [19] proposed the relation for the limit deformation: 

(l= Bp 467)" 


4 — 3B — 3B? + 4p? 
According to expressions (2)—(4), the relation for describing the curve of limit deformations at various exponents of 


Cin = 4n 


power approximation in the hardening zone has the form: 
A(e, —n)(e2 + 2e,)3 — 3(e, — 2n)(e, + 2e2)(e2 + 2e,)? — 
—3(e, + 2n)(e, + 2e,)(e, + 2e,)? + 2(2e, + n)(e, + 2e,)? = 0. (6) 

It is known from the experimental and theoretical studies that after the occurrence of a diffuse neck, plastic 
deformation of the sample continues. Thereafter, a localized neck may occur, which differs from the diffuse one not 
only in size, but also in that its occurrence and development are carried out under conditions of flat deformation with 
intensive thinning of the sample. 

According to R. Hill [20], the limit deformation criterion is determined by the moment of formation of the local 
neck, at which the increment of the total force is zero. In this case, the relation for the limit deformation is determined 
by the expression: 
ayt/2 


_ 95, A-B+B 
= 2n 1+B 


(7) 


Cin 


Taking into account expressions (2), (4), expression (7) for constructing a limit deformation diagram according to 
the Hill criterion has the form: 

e, tez —n=0. (8) 

It should also be noted that the described approach is consistent with the finite element method, which has been 


widely used to construct FLD diagrams of various materials in recent years [21—29]. 

Research Results. In practice, we will construct the FLD diagram using two criteria [31], namely: the Hill criterion, 
which is used for e2 < 0 according to (8); the Swift criterion, which is used for e, => 0 according to (6). Let us consider 
the application of these relations to construct the curve of the limit deformations of aluminum alloys widely used in the 
aviation industry at known values of deformation of necking: ¢,, = 0.18 (AMg6), €, = 0.16 (DI6AT), &€,, = 0.2 
(AMg2M), €,, = 0.06 (1201-T), €,, = 0.1 (AMcM) [34]. 

Determining e,, from formula e,, = In(1 + €,,) and using expression (5), we obtain the value of the strain-hardening 
indices: n = 0.17 (AMg6), n = 0.15 (DI6AT), n = 0.18 (AMg2M), n = 0.06 (1201-T), n = 0.09 (AMcM). Then, the 


Hill-Swift diagram, according to (6), (8), will take the form shown in Figure 5. 
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Fig. 5. FLD-Hill-Swift diagrams for various aviation alloys: 1 — AMg6 alloy; 2 — D16AT alloy; 
3 — AMg?2M alloy; 4 — 1201-T alloy; 5 — AMcM alloy 


Discussion and Conclusions. According to the constructed curves of limit deformations, AMg2M alloy has the 
largest area of safe forming of the five alloys studied, 1201-T alloy has the smallest one. That is due to differences in 
the deformation properties of materials, specifically, the difference in the deformations of the necking onset. In AMg2M 
alloy, the relative deformation of the beginning of neck formation is 20 %, and in 1201-T alloy — 6 %. 

Thus, on the basis of data on the hardening curves, power approximation and deformation of necking for aviation 
aluminum alloys AMg6, DI6AT, AMg2M, 1201-T, AMcM, curves of limit deformations of forming have been 
constructed, providing for the determination of the zone of safe deformation of sheet blanks. The study results are of 
practical importance in solving sheet stamping problems for these materials to predict unacceptable thinning, raptures, 


and wrinkling of thin-walled blanks. 
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